Gene expression profiles during early stages of formation of symbiotic nitrogen-fixing nodules in a model legume Lotus japonicus were analyzed by means of a cDNA array of 18,144 non-redundant expressed sequence tags (ESTs) isolated from L. japonicus. Expression of a total of 1,076 genes was significantly accelerated during the successive stages that represent infection of Mesorhizobium loti, nodule primordium initiation, nodule organogenesis, and the onset of nitrogen fixation. These include 32 nodulin and nodulinhomolog genes as well as a number of genes involved in the catabolism of photosynthates and assimilation of fixed nitrogen that were previously known to be abundantly expressed in root nodules of many legumes. We also identified a large number of novel nodule-specific or enhanced genes, which include genes involved in many cellular processes such as membrane transport, defense responses, phytohormone synthesis and responses, signal transduction, cell wall synthesis, and transcriptional regulation. Notably, our data indicate that the gene expression profile in early steps of Rhizobium-legume interactions is considerably different from that in subsequent stages of nodule development. A number of genes involved in the defense responses to pathogens and other stresses were induced abundantly in the infection process, but their expression was suppressed during subsequent nodule formation. The results provide a comprehensive data source for investigation of molecular mechanisms underlying nodulation and symbiotic nitrogen fixation.
Introduction
The formation of symbiotic nitrogen-fixing nodules is established by complex interactions between Rhizobium bacteria and legume plants. These interactions start from the attachment of rhizobia to legume root hairs, followed by invasion of rhizobia into root cortical cells through infection threads, induction of root cortical cell division to form nodule primordia, and development of Communicated by Kazuki Saito * To whom correspondence should be addressed. Tel. +81-29-838-8377, Fax. +81-29-838-8347, E-mail: kouchih@nias.affrc. go.jp † These authors contributed equally to this work. a highly organized symbiotic organ, the root nodule, in which rhizobia differentiate to bacteroids and fixation of atmospheric nitrogen takes place.
1 Progress in the molecular genetics of Rhizobium bacteria during the past decade has uncovered the mechanisms of early signaling from the microsymbionts that enable host recognition and induce specific host responses. Rhizobial chitooligosaccharide signal molecules, Nod factors, can elicit both infection and nodule formation processes with strict host specificity. 2 However, the molecular mechanisms programmed in the host legumes, such as mechanisms of perception of Nod factors, and of subsequent signal transduction and nodule organogenesis are still largely [Vol. 11, unknown. Lotus japonicus has been proposed as a model legume for molecular genetic studies of symbiotic nitrogen fixation. 3 This legume species, as well as another model legume Medicago truncatula, has a relatively small genome size and short generation time, is self-fertile and capable of molecular transfection. Thus its use overcomes difficulties in molecular genetic studies with major crop legumes like soybean, pea, and common bean. A large number of symbiotic mutant lines of L. japonicus have been established, 4, 5, 6 and the resources required for molecular genetics are being prepared systematically, e.g. accumulation of expressed sequence tags, 7, 8 construction of high-density genetic maps, 9 and whole genome sequencing (http://www.kazusa.or.jp/lotus/). On the basis of the genomic information, the plant genes that are essential in early steps of Nod factor perception have been cloned recently.
10,11
The nodulation process involves a drastic alteration of the expression of the host legume genes that is due to interactions with rhizobia and nodule organogenesis. In particular, a unique set of plant genes that are exclusively induced in the nodulation process are termed "nodulin genes" and have been isolated from many legume species. 12, 13 Although their exact functions are mostly unknown at present, they are believed to play essential roles in nodule formation. Comprehensive analysis of gene expression profiles during the nodulation process has critical importance in understanding Rhizobiumlegume interactions and subsequent nodule formation.
We describe here a systematic effort for such analysis by means of a cDNA macroarray consisting of ca. 18,000 non-redundant ESTs from the model legume L. japonicus. Application of a cDNA array to legume nodules was first described by Colebatch et al. 13 for L. japonicus on a much smaller scale. Gene expression profiling for nodules has also been reported using in silico anaysis of an EST database for M. truncatula.
14 In this paper, we present detailed analysis of variation of transcript levels through the crucial steps of the nodulation process, that is the infection of Mesorhizobium loti, nodule primordium initiation, nodule development, and the onset of nitrogen fixation (fully mature nodules). These results provide the most comprehensive data source at present for investigation of molecular mechanisms underlying nodulation and symbiotic nitrogen fixation.
Materials and Methods

Plant materials and RNA isolation
Seeds of Lotus japonicus accession B129 'Gifu' 3 were surface-sterilized and germinated on agar plates. Sixday-old seedlings were transplanted to the pots with 'pillows'. 6 In brief, the pillows were made of tea bags (8×5 cm) filled with moist vermiculite and placed in a rectangular plastic pot. After autoclaving the pots, the roots of the seedlings were inserted between each pillow followed by inoculation with Mesorhizobium loti strain Tono 4 2 days later. The plants were grown in an artificially lit growth cabinet controlled at 24
• C (day, 16 hr) and 22
• C (night, 8 hr) and were supplemented with nitrogen-free medium.
15 After 2 days of bacterial inoculation, root segments of the susceptible zone (ca. 5 mm in length from 3 mm above the root tip) were harvested. After 4, 7, and 12 days, root segments with nodule primordia or nodules were excised under a binocular microscope. Uninfected roots were harvested from 6-and 9-day-old seedlings excluding the root tip meristematic region. The harvested samples were frozen and ground to a fine powder under liquid nitrogen followed by total RNA isolation with the RNeasy Plant Mini-Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions.
EST resources
Expressed sequence tags (ESTs) were generated from cDNA libraries of 2-week-old seedlings 7 and various organs of L. japonicus accessions B-129 'Gifu' or MG-20 'Miyakojima'
16 (see Table 1 ). These ESTs were all cloned directionally in a plasmid Bluescript II (Stratagene, La Jolla, CA) at EcoRI (5 ) and Xho I (3 ) sites and stored as bacterial suspensions of E. coli XL1-Blue (Stratagene).
7
Among the total 67,916 ESTs generated, 19,127 nonredundant clones were selected by their sequence comparison under the criteria described previously 7 for the array construction.
cDNA array construction
Inserts of the selected non-redundant EST clones were amplified by polymerase-chain-reaction (PCR) directly from aliquots of bacterial suspension cultures as templates. PCR was performed with the Ex-Taq system (Takara Bio, Otsu, Japan) according to the manufacturer's instructions. The primers were designed outside the multi-cloning site of Bluescript plasmid and were 5 -TCATTAGGCACCCCAGGCTTTACAC-3 (reverse) and 5 -GTAATACGACTCACTATAGGGC-3 (forward). The amplification conditions were 94
• C for 2 min; followed by 40 cycles of 94
• C for 45 sec, 55
• C for 45 sec, and 72
• C for 2 min; and 72
• C for 10 min. Alternatively, a condition of 94
• C for 2 min; 40 cycles of 96 • C for 10 sec and 68
• C for 6 min; and 70
• C for 7 min was used for long inserts. The PCR products were qualified by agarose gel electrophoresis, and finally 18,144 clones were spotted onto nylon membranes (8×12 cm, Biodyne A, Pall, East Hills, NY) using a BioMek 2000 Laboratory Automation Workstation (Beckman Instruments, Fullerton, CA) equipped with a 384 gridding tool with a 4×4 secondary grid pattern. Thus, one membrane held 6,144 spots including 96 spots of control λ DNA, and one array set 
Hybridization
Total RNA (5 µg) prepared from each plant material was reverse-transcribed using Superscript II reverse transcriptase (Invitrogen, Groningen, The Netherlands) in the presence of [α- 18 containing 1 µg/ml polydA (Amersham Biosciences) at 62
• C for more than 2 hr. Target cDNA labeled with 33 P was injected into the hybridization mixture and the hybridization reaction was carried out at 62
• C for more than 16 hr. After hybridization, the filters were washed successively in 2× SSC (1× SSC is 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0) containing 0.5% SDS at room temperature for 15 min, and in 0.2× SSC, 0.1% SDS at 63
• C for 15 min twice. They were exposed to a phosphor imaging plate (Fuji, Tokyo, Japan) for 12 to 48 hr, followed by detection of radioactive images by a high-resolution imaging scanner (Storm 840, Amersham Biosciences). All the experiments were carried out using four replicate membrane sets with two independent target RNA preparations.
Primary data analysis
Primary data collection was performed using Array Vision software (Amersham Biosciences), and the subsequent data analysis generated a mean pixel intensity within a defined area around each spot. Global normalization was adopted for normalizing the differences of signal intensities between the membranes.
18 Signal intensities of individual spots were normalized by adjusting the sum total of signal intensities of all the spots on a given membrane to 1×10
6 .
Statistical analysis
Positive and negative significant genes in each time point sample relative to uninfected roots were detected by the SAM (Significance Analysis for Microarray) software.
19 Positive significant genes detected by this procedure were further subjected to hierarchical and Kmeans cluster analyses using J-Express ver. 2.0 software (Molmine, Bergen, Norway).
Northern blot hybridization and reverse
transcription-PCR analyses Total RNA (5 µg) was subjected to denatured agarose gel electrophoresis and blotted on a nylon membrane (Biodyne A, Pall) by standard procedures.
17 Primers for reverse transcription-polymerase chain reaction (RT-PCR) were synthesized according to 3 -EST sequences to amplify DNA fragments of 300 to 400 bp in length. Total RNA was reverse-transcribed with anchored oligo-dT 18 (C/G/A)(T/C/G/A) (Promega, Madison, WI, USA) as a primer, and the resulting singlestranded cDNAs equivalent to 2 to 5 ng of total RNA were subjected to PCR with the anchor-and gene-specific primers. The PCR condition was 94
• C for 4 min; followed by 20 cycles of 94
• C for 30 sec, 55
• C for 30 sec, and 72
• C for 1 min; and 72
• C for 7 min. The reaction products were electrophoresed on an agarose gel, blotted onto nylon membrane filters, and hybridized with 32 P-[Vol. 11, labelled probes prepared from each cDNA insert using a random prime labeling kit (Takara). Radioactive images were obtained as described above, and quantified with ImageQant software (Amersham Biosciences). Ubiquitin cDNA from L. japonicus was used as controls in both experiments.
DNA sequencing
The cDNA inserts were sequenced by the dyetermination method with an automatic sequencer (ABI 3700, Applied Biosystems, Foster City, CA). Their annotation to a public database was performed using the BLASTX program with nr database that represents all non-redundant GenBank CDS translations, PDB, SwissProt and PIR.
Results and Discussion
Resources of expressed sequence tags (ESTs)
The EST resource from L. japonicus is summarized in Table 1 (see also the Web database; http://www. kazusa.or.jp/en/plant/lotus/EST/index.html).
They were collected from normalized and size-selected cDNA libraries of seedlings (2 weeks old), uninfected roots, and developing pods of L. japonicus MG-20 Miyakojima, nodulated roots of hyper-nodulating mutant har1 20 4 days after bacterial inoculation, and mature nodules (23 days old) of B-129 Gifu. They were sequenced from the 3 -ends and/or from the 5 -ends, generating a total 67,916 ESTs. Non-redundant ESTs were selected by sequence comparisons under the criteria that the clones with more than 95% identity over at least a 100-bp stretch were included in the same cluster.
7 Accordingly, 19,127 ESTs were picked up for cDNA array construction. A few hundred clones did not give sufficient amplification in PCR so that a total of 18,144 ESTs were used for spotting onto membranes.
Identification of positive and negative significant
genes during nodulation process Under our growth conditions, nodules become visible under a binocular microscope 4 to 5 days after M. loti inoculation, and nitrogen fixation (acetylene reduction) activity was first detected at around 10 to 12 days (data not shown). Based on these preliminary observations together with microscopy on the earlier stages of bacterial infection, we chose 2, 4, 7, and 12 days after inoculation as the material for the target RNA preparation. These time points represent stages of the most abundant infection, nodule primordium initiation, nodule organ development, and full developement (onset of nitrogen fixation) of nodules, respectively.
The RNA preparations were reverse-transcribed and subjected to hybridization with the cDNA array. The data of hybridization signal intensities were normalized for each membrane and the spots of which maximum signal intensity values throughout all experiments were less than three times the background (an average of all λ DNA spots) were excluded. As a consequence, data sets for a total of 14,971 ESTs were subjected for further analyses. Normalized signal intensity of λ DNA was 13.7 as an average of overall experiments, and this background value was not subtracted from the data for ESTs in the analyses that followed. Global view of transcript levels in comparison with uninfected roots is shown in Fig. 1 . While the variations of individual signal intensities due to RNA preparation from the same source organs and/or between each sets of membranes were very small (Fig. 1A) , the gene expression profile after M. loti infection was markedly different from that in uninfected roots (Fig. 1B-D) . The detection range of gene expression with the cDNA macroarray was judged to be around 10 4 . To detect statistically significant up-and downregulated genes, we adopted the Significance Analysis of Microarray (SAM) program. 19 In brief, the significance of the changes of expression was evaluated by scores assigned to each gene on the basis of "gene-specific" fluctuations in expression relative to the standard deviation of repeated measurements. The significant genes were selected as the differences in their expression levels from uninfected roots exceed the adjustable 'δ-values,' which was determined to minimize the expected false positive frequencies (the false discovery rate; FDR) 19 in each given comparison. In addition to this criterion, genes with signal intensities more than threefold and less than 1/3-fold compared to uninfected roots were listed as up-regulated (positive significant) and down-regulated (negative significant) genes, respectively. The results of the SAM analysis are summarized in Fig. 2 . As a consequence, we listed 1,076 up-regulated and 277 down-regulated genes. It is noteworthy that the numbers of up-regulated genes at 2 and 4 days after inoculation were much larger than those in later stages of the nodulation process, indicating that very dynamic global changes in gene expression occur in early stages of Rhizobium-legume interactions. The total number of down-regulated genes was smaller than that of up-regulated genes, mainly because the majority of down-regulated genes exhibited low expression levels with relatively large fluctuations of the signal (see online supplemental data; URL, http://www.dnares.kazusa.or.jp/11/4/04/supplement table/supplement. html).
Cluster analysis of expression profiles of
up-regulated genes A total of 1,076 genes up-regulated during nodulation was further analyzed by hierarchical clustering on the basis of their expression levels relative to those in uninfected roots. Taken together with the results of the SAM analysis, we classified these genes into 5 clusters accord- ing to their temporal expression patterns (Fig. 3) . Genes in clusters 1 and 2 were induced transiently during early stages of infection and nodule initiation, and comprised 56% of total up-regulated genes. Their expression was significantly up-regulated 2 and/or 4 days after inoculation, but either recovered to the levels seen in uninfected roots or were down-regulated in the later stages of nodule development. Cluster 3 represents genes that were induced at a very early stage of infection and their expression levels further increased or remained high in the later stages. A well-characterized early nodulin gene, ENOD40 belongs to this cluster. Expression of genes in cluster 4 appeared to accompany nodule organogenesis because their expression was first induced at the time of nodule primordium formation and increased during further nodule development. Many known nodulin genes such as leghemoglobin were grouped in this cluster, indicating that expression of these nodule-specific genes are developmentally regulated. Finally, cluster 5 represents genes induced almost concomitantly with the onset of nitrogen fixation in fully developed nodules. Many genes encoding enzymes involved in primary carbon and nitrogen metabolism were found in cluster 5. The lists of the twenty most highly significant genes are also given for each cluster in Fig. 3 with their database annotations. The complete list of significant ESTs in each cluster with their relative expression ratios is available in the online supplemental data as well as in the web database at http://www.kazusa.or.jp/en/plant/lotus/EST/index. html.
Functional classification of up-regulated genes
Among a total of 1,076 up-regulated genes, 710 (66.0%) ESTs displayed more or less similarity to sequences with known or putative functions that were deposited in a public database, 221 (20.5%) had similarities to 'hypothetical,' 'expressed,' or 'putative' genes with no defined function, and 145 (13.5%) had no similarity to deposited sequences. Table 2 presents a summary of the classification of the significant ESTs by their predicted biochemical functions according to MIPS (http://mips.gsf.de/proj/thal/db/index.html) with some modifications or by biological processes that they are involved in or respond to. In cluster 1, which represents genes transiently induced in the stage of infection, a category of cell rescue, defense, cell death and aging was most prominent, as comprising 20.7% of the ESTs with predicted functions. A total of 93 genes were assigned to this category over all time points and 74 (79.6%) of them were found in clusters 1 and 2, indicating that activation of genes in this functional category is mostly restricted in the early phase of Rhizobium-legume interactions. A number of genes involved in cell growth, cell division and DNA synthesis, as well as those of cell wall components or related to their synthesis, were found in clusters 2 through 4, reflecting the activity of cell division and new organ development during the stages of nodule primordium initiation and subsequent nodule organogenesis. A number of genes involved in phytohormone biosynthesis and responses were induced through the nodulation process. Among them, a gene encoding gibberellin-2-oxydase, that is responsible in inactivation of gibberellins, was strongly expressed in mature nodules in nearly a nodule-specific manner. However, gibberellin 2β-hydorolase and gibberellin-20-oxidase, which are involved in the final steps of the conversion of gibberellins to their biologically active forms, were also highly induced in the mature nodules (see the online supplemental data). Further analyses of spatial expression patterns of these genes in nodule tissues may provide more clues to solve these conflicting results.
Genes of enzymes involved in primary metabolism were found predominantly throughout all clusters. A number of nodule-specific or nodule-enhanced enzymes involved in photosynthate breakdown and assimilation of fixed nitrogen in the nodules was found in cluster 5, such as sucrose synthase (nodulin-100), 21 phosphoenolpyruvate carboxylase and its kinase, 22 nodule-enhanced malate dehydrogenase, 23 asparagine synthase, 24 glutamine synthase and aminotransferases. Genes with transport functions also comprised a prominent class over all stages of the nodulation process. This class contained previously identified nodule-specific or nodule-enhanced transporters, such as sulfate transporter 13 and sugar transporter. 25 In addition, a number of transporter genes with strong similarities to metal and ion transporters, peptide transporters, and mannitol transporters were found to be almost specific or significantly enhanced in nodules. Most of these nodule-specific and noduleenhanced transporters are presumed to localize on symbiosome membranes in infected nodule cells. It would be interesting to determine the exact localization of these gene products and their physiological roles in functional symbiosis. More details of the significant gene list and their functional annotation are available in the online supplemental data.
The majority of genes included in the class of cell rescue, defense, cell death and aging was related to the defense response to pathogen attack. Representative defense-related genes are presented in Table 3 . These genes included enzymes involved in phytoalexin biosynthesis (phenylalanine ammonia-lyases, 4-coumarate:CoA Table 2 . Functional classification of significantly up-regulated genes during the nodulation process. A complete list of genes in each functional group is available in the online supplemental data. ligase, chalcone reductase), proteins involved in cell wall modification (glycine-rich proteins, hydroxyprolinerich proteins, polygalacturonase inhibitor proteins), PRproteins (chitinase, β-1,3-glucanase, peroxidase), and hyper-sensitivity related (hsr) proteins. In particular, β-1,3-glucanase, hsr201 protein, leucoanthocyanidin dioxygenase, and S-adenosylmethionine synthetase were highly induced during the infection and nodule initiation stages. It is noteworthy that genes involved in jasmonate biosynthesis, such as allene oxide cyclase and 12-oxophytodienoate reductase, were highly induced in early infection stages. This finding is not surprising because the jasmonate signaling pathway is known to play crucial roles in defense gene expression in response to pathogen attack. In mature nodules, however, the expression levels of these genes were reduced, and genes encoding lipoxygenase, which catalyzes the initial step of jasmonate biosynthesis were the most significantly down-regulated genes (see the online supplemental data). Genes known to respond to other environmental stresses such as osmotic pressure, drought and dessication were also found to be significantly induced in the early stages of nodulation.
Infection
Quantification of gene expression by RNA gel blot and RT-PCR analyses
To confirm the fidelity of the cDNA macroarray analysis in our study, selected genes were subjected to RNA gel blot and reverse transcription-polymerase chain reaction (RT-PCR) analyses. For RNA gel blot analysis, a total of 161 genes were selected from both up-and downregulated genes to cover the wide range of expression levels, and RNAs for the gel blot analysis were prepared from the source plant materials independent of those used for the cDNA array analysis. The results for representative novel nodule-specific and nodule-enhanced genes are shown in Fig. 4 , demonstrating that the expression profiles obtained by the two methods were fairly consistent. As for the genes induced transiently during the early stages of nodulation (clusters 1 and 2), we adopted RT-PCR analysis because of the limited amounts of RNA available. A total of 26 clones, including a number of defense-related genes, were selected from clusters 1 and 2. The results (Fig. 5 ) are shown after quantification of the expression levels by Southern hybridization of the amplified DNA fragments on an agarose gel with 32 Plabelled probes of each insert. Expression profiles along the time course correlated well between the two methods.
The overall data obtained by RNA gel blot and RT-PCR analyses were plotted against those of cDNA array analysis (Fig. 6) . Although absolute values of the expression levels relative to uninfected roots differed markedly in some cases, the comparisons of over 400 expression data indicated a good correlation between cDNA array analysis and Northern or RT-PCR analyses (R=0.76). Detection of positive and negative significant genes by means of cDNA array was justified in about 80% of clones tested.
Concluding remarks and future perspectives
Our results provide a comprehensive data source of gene expression profiles during early symbiotic process from Rhizobium infection to initiation of nitrogen-fixing symbiosis in developed nodules. One of the most intriguing findings from the analysis is that there was little overlap between a) genes that were markedly induced during the early stages of infection and nodule primordium initiation and b) those expressed abundantly in subsequent later stages of nodulation. Thus, the expression of the majority of positive significant genes in the initial period of the interaction was transient. Defense-and stressrelated genes were a significant component in this group. It is noteworthy that this gene expression profile is in good agreement with that recently reported for arbuscular mycorrhizal (AM) symbiosis. 26 In time-course analysis of gene expression during AM-symbiosis in Medicago trucatula, the genes induced during interactions with AM fungi were divided into two clusters: one showed a sustained increase in transcripts as the symbiosis developed, and the other showed a transient increase in transcripts during the initial period of the interactions but a subsequent decrease as the symbiosis developed. The latter group contained a number of defense-and stress-response genes as a major component. Thus initial induction and subsequent rapid suppression of these defense-and stressrelated genes are the common feature in both symbioses, and may not be involved directly in the specific interaction with rhizobia mediated by Nod factors. Compar- isons with gene expression profiles after inoculation with M. loti that is defective in Nod factor production, as well as those in non-nodulating mutants of L. japonicus, may provide more insights about the possible involvement of individual transiently induced genes in clusters 1 and 2 in Nod factor signaling pathways. Among the genes involved in clusters 4 and 5, those with more than several tenfold expression compared to uninfected roots are virtually nodule-specific, thus comprising novel nodulin genes. Their transcript levels were, in some cases, super-abundant in nodule tissues. Most of the genes represented in cluster 4 ( Fig. 3) showed high expression ratios in 12-day nodules that were comparable with those of leghemoglobin genes. Analysis of the physiological functions of these novel nodule-specific genes in nodule formation and/or in functional symbiosis is an intriguing subject for future study. Systematic analysis of functions of novel nodulin genes identified from the cDNA array analysis is currently underway by means of a transient RNA silencing strategy. 
